The intracellular potassium content of perfused rat heart was measured by potassium-39 nuclear magnetic resonance (NMR) spectroscopy at 330 C with an inversion recovery technique based on the fact that the spin-lattice relaxation time (T1) of the intracellular potassium (8.3 msec at 8.45 T) is much faster than that of the extracellular potassium (68 msec). Intracellular potassium decreased to 60.2+4.3% of the control level (mean±SEM, n=6) 
sium in the rat mandibular gland and used an inversion recovery pulse sequence to discriminate the intracellular potassium from the extracellular potassium. This method, well known as "WEFT," is used for eliminating the solvent signal in 'H NMR. 13 The present study demonstrates relaxation properties of intracellular potassium in perfused hearts and the inversion recovery method applied to measure intracellular potassium.
Materials and Methods
Sprague-Dawley rats weighing 50-80 g were anesthetized by injection with pentobarbital sodium (50 mg/kg body wt i.p.). The hearts were rapidly dissected and perfused by the Langendorff technique at a pressure of 90 cm H20 in an NMR tube (10 mm Figure 1 shows the`9K NMR spectra of the perfusate and the perfused heart. The spectrum of potassium in the perfusate was Lorentzian, and its Because Dy(YfMA) hardly enters the intact myocardial cells and the potassium exchange across the membrane is extremely slower than relaxation time of the potassium in the perfusate, the resonance at 5.5 ppm was assigned to the extracellular potassium, and the resonance at 0 ppm was assigned to the intracellular potassium. The A1/v2 of these resonances indicated that the spin-spin relaxation (T2) of the intracellular potassium is faster than that of the extra- 2the rat hearts were subjected to a metabolic inhibition IVT lwith 2 mM cyanide and 0 mM glucose for 40 minutes, followed by a 30-minute oxidative metabolism.
,- from the start of metabolic inhibition (n=5). After the oxidative metabolism, the cumulative potassium loss decreased to the plateau value of 38±17 gmol/g dry wt at 20 minutes from the restart of oxidative metabolism.
The intracellular potassium of the perfused heart was measured as 332±10 ,umol/g dry wt (n=6) by flame photometry of the heart flushed with an icecold dextrose solution. This estimate agreed well with a previously reported value.4 Compared with intracellular potassium, the cumulative potassium loss at 40 minutes from the start of metabolic inhibition was 41.8% of the intracellular potassium. The cumulative potassium loss recovered to 10.6% of the intracellular potassium at 30 minutes from the restart of oxidative metabolism. The decrements of the 3'9K NMR-observed intracellular potassium showed a linear relation with the cumulative potassium loss in the coronary effluent during the metabolic inhibition and recovery period (Figure 4) . 
Discussion
The present study is the first report for NMR measurement of intracellular potassium in perfused rat hearts without chemical shift reagents. NMR studies of ionic homeostasis of the heart has been performed with various chemical shift reagents.10'11 The chemical shift of the extracellular NMR signal depends on the concentration of the shift reagent, which must be maintained as high as the order of 10 mM. Instability of the complexes and chelation with free Ca2+ could influence the biological function,11 15 such as a decrease in heart rate. These are the reasons why the NMR method without chemical shift reagents is required, especially in the in vivo NMR during the pathological state.
The present experiments showed that the spinlattice relaxation of intracellular potassium is faster than that of extracellular potassium in the perfused heart. This observation is similar to that in the salivary gland.12 The T1 value of intracellular potassium of the salivary gland was 3 msec, which is faster than that of the heart (8.3 msec). One possible mechanism to facilitate the intracellular relaxation is the presence of some interaction between the potassium ions and large molecules in the intracellular fluid.'2 Because many kinds of proteins and enzymes distribute in cardiac cells, the similar mechanism may facilitate the relaxation of intracellular potassium in the heart. The origin of the difference of T1 in salivary gland and in heart is unknown and requires further investigation of the difference in physical properties between the cytosol of both organs.
The rapid potassium loss from myocardium has been known as a sensitive marker for hypoxia.5-9 The 39K NMR-observed intracellular potassium decreased Uv ._ to 60.2% of the control during metabolic inhibition and recovered to 94.2% by restart of oxidative metabolism. These results were similar to the previous observation by flame photometry. 3 The decrement of 39K NMR-observed intracellular potassium showed a linear relation with the cumulative potassium loss in the coronary effluent. This result evaluates this NMR technique as a valuable method to monitor intracellular potassium. This method could be quantitative in conjunction with the ion analysis of the coronary effluent sample.
The NMR visibility for intracellular potassium is still controversial as to whether it is 100% visible in erythrocytesl6 and 18% or 20% visible in the heart.10'1' The quadrupolar interaction has been suggested as one possible cause of partial visibility, but there is no information on the quadrupole interaction of intracellular potassium in the heart. Another possible cause is the intracellular compartmentation of potassium.'7 Burstein et al'8 observed one T1 relaxation time and two T2 relaxation times and suggested that NMR-visible intracellular myocardial potassium consists of two distinct intracellular pools in the rat heart. Their T1 value was similar to our results, but we could not detect two T2 relaxation components, because the A v11 of the spectrum during control was 48.9+1.7 Hz (n =6), which did not significantly differ from the value of 48.1+1.3 Hz (n=6) at the end of metabolic inhibition. Finally, the present correlation between the cumulative potassium loss and the decrement of intracellular potassium allowed us to propose a technique to measure the intracellular potassium with NMR spectroscopy.
